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Abstract

The creep behaviour of Ni/(4—7 wt.%) NizAl and Ni/5 wt.% NizAl/5 wt.% Cr anodes for molten carbonate fuel cells is classified in terms
of two stages during a creep test for 100 h under an applied uniaxial load. The first stage relates to grain rearrangement which results from
the destruction of large pores by the applied load. In the second stage, small pores are collapsed by a subsequent sintering process under the

load.

The creep resistance of the anodes is enhanced by increasing the sintering resistance through NizAl or NizAl and Cr inclusion, i.e. in
comparison with anodes of pure Ni and Ni/10 wt.% Cr. The creep deformation of Ni/5 wt.% NizAl/5 wt.% Cr anode is decreased markedly
by a synergistic effect of dispersion strengthening and solid-solution strengthening which results from NisAl and Cr addition.

© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The molten carbonate fuel cell (MCFC) is a highly
efficient and environmentally clean means of power gen-
eration. The anode, one of the most important components of
the fuel cell, still needs substantial improvement before
commercialization of the system can be achieved. In parti-
cular, it is essential to determine how to maintain the
structural stability of the porous anode under pressurized
conditions at elevated temperature [1].

Nickel has been shown to have good electrochemical
activity with low polarization loss and, therefore, has been
used widely as the anode material for MCFCs for the past
two decades. Without strengthening, the porous pure nickel
anode would creep significantly during MCFC operation due
to the change in pore structure under the compressive stress.
In addition, the creep deformation causes the collapse of the
stable pore structure, which results in a decrease in the
surface area and in the electrochemical performance of the
MCEFC [2,3]. Therefore, a major research effort has been
conducted to strengthen the nickel anode. Partially-sintered
Ni anodes dispersed with Al,Os, Cr or Al particles have been
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found to exhibit acceptable strength because of dispersion
strengthening [4]. Although the creep resistance in these
anodes has been improved, the mechanical strength has only
been slightly increased.

In our previous studies [1,2], we investigated the sinter-
ability of a porous anode strengthened by Ni—Al interme-
tallics, especially NisAl, and produced by chemical
synthesis in an acidic eutectic melt [1,2]. It was found
[2,5,6] that the growth of nickel grains in the porous anode
strengthened by the inclusion of second-phase particles is
retarded during sintering, and a stable open pore network
can be maintained by controlling the amount of the included
NizAl intermetallics.

In the work reported here, the creep characteristics of Ni/
(4-7 wt.%) NisAl and Ni/5 wt.% Ni3;Al/5 wt.% Cr anodes,
and are investigated and compared with those of pure Ni and
Ni/10 wt.% Cr anodes in terms of microstructure.

2. Experimental

A creep experiment was performed on samples
(1cm x 1 cm) fabricated from pure Ni, Ni/(4-7 wt.%)
Niz;Al, Ni/5wt.% NizAl/5wt.% Cr and Ni/10 wt.% Cr
anodes which were sintered to the same porosity, viz.
62% [2,7].
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Fig. 1. Schematic diagram of creep test apparatus.

The samples were first placed in the creep test apparatus,
as shown in Fig. 1. The furnace was heated at a rate of
100°C/h, and temperature was then maintained at 650°C; the
maximum temperature error was £0.5°C during the experi-
ment. A gas mixture of 70% H,/CO, was passed through the
furnace at a rate of 100 ml/min. An external load of 100 psi
was transmitted to samples by means of a pressure rod driven
by an air cylinder. In a separate set of experiments, the test
was terminated after times between 0 and 100 h.

The dimensions of the samples were measured with a
micrometer before and after the creep test, and the pore-size
distributions were obtained by means of mercury porosi-
metry (Micrometrics Autopore II 9215). The fracture and
surface of the sample before and after the test were examined
with a scanning electron microscope (Jeol JSM-5200). To
obtain the mechanical strength of the porous anodes, the
tensile strength was measured with a universal test machine
(Instron UTM 4467).

3. Results and discussion

Creep rates for the anodes are shown in Fig. 2. The rates
were obtained from creep strain curves measured during a
constant uniaxial pressure of 100 psi for 100 h. Clearly, the
compressive load has a systematic and pronounced effect on
creep behaviour. The creep rates of anodes with NizAl
quickly reach a steady-state compared with that of the pure
Ni anode; the rates remain constant after about 60 h. Also,
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Fig. 2. Creep rate curves for porous anodes obtained from creep tests with
a constant uniaxial load of 100 psi for 100 h.

the creep deformation of the anodes appears to decrease with
an increasing amount of NisAl. In particular, the creep rate
of the Ni/5 wt.% NizAl/5 wt.% Cr anode is considerably
lower than that of the other anodes.

The creep behaviour of these porous anodes consists of
two stages. This is different from that observed for high-
density polycrystalline materials which is generally com-
posed of three stages. The first stage, during which (possibly
after an instantaneous load) the creep rate decreases rapidly
with time, is related to a change in the pore structure of the
anodes. The creep rate of the pure Ni anode decreases faster
than the rates of other anodes; the latter rates show little
change after 8 h. The creep rates of all the anodes are almost
time-invariant after 60 h. This is taken to be the second stage
and is analogous to steady-state creep or secondary creep of
the high-density material.

The relationships between the creep rate and the creep
strain for the anodes are presented in Fig. 3. The creep rate
and the creep strain of the Ni/5 wt.% NizAl/5 wt.% Cr anode
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Fig. 3. Relationship between creep rate and creep strain for porous anodes.
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Fig. 4. Pore-size distribution curves of porous anodes before and after
creep test.

under a constant load are relatively lower than those of Ni/
7 wt.% NizAl anodes strengthened only by NizAl inclusion.

Pore-size distribution curves for the anodes sintered to the
same porosity, viz. 62%, before and after the creep test are
presented in Fig. 4. The porosity of the anodes is controlled
by a sintering condition of their green sheet [2]. Large pores
(3-5 pm) of the pure Ni anode are collapsed by the applied
load after an interval of 8 h in the first stage, and the pore
structure is deformed continuously even in the second stage.
On the other hand, the pores in Ni/7 wt.% NizAl and Ni/
5 wt.% NizAl/5 wt.% Cr anodes maintain a relatively stable
porous structure after 100 h of the creep test during; there is
a slight collapse of the pore structures in the first stage.
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Fig. 5. Creep and thickness strain for porous anodes under different test
conditions.

The effects of compressive load and temperature on the
creep strain of the anodes are shown in Fig. 5. The thickness
strain for anodes with NizAl or with NisAl and Cr inclusion
exerted by the applied load of 100 psi at room temperature
after the creep test during 100 h is considerably higher than
that obtained in an incompressive creep experiment at
650°C, except for the pure and Ni/10 wt.% Cr anodes.
Because creep deformation of porous anodes is generally
influenced by the sintering shrinkage rather than by the
applied load, NisAl inclusion increases the sintering resis-
tance due to inhibition of the growth of nickel grains [1].
Therefore, it is concluded from these experiments that
sintering resistance is one of the most important factors
in increasing the creep resistance of the porous anode. In
particular, the Ni/5 wt.% NizAl/5 wt.% Cr anode has a
higher creep resistance than any of the other anodes. It
is considered that the creep resistance of porous anodes
with NizAl inclusion can be increased by a synergistic
effect of dispersion strengthening and solid-solution
strengthening.

The morphology of the cracks and the surfaces of pure Ni,
Ni/7 wt.% NizAl and Ni/5 wt.% Ni3zAl/S wt.% Cr anodes
with the same porosity before and after creep test, are shown
by the scanning electron micrographs in Figs. 6-8, respec-
tively. For the pure Ni anode, the curvature of the neck
between the nickel grains is decreased, and the grain grows
by vigorous mass transport [2]. Neither grain growth nor
crack propagation is observed in the surface and the fracture
of Ni/7 wt.% NizAl and Ni/5 wt.% NizAl/5 wt.% Cr anodes.
Creep deformation in the Ni/5 wt.% NizAl/5 wt.% Cr anode
results from deformation of the pore structure by the load
rather than by sintering.

A porous compact formed by various powder processing
methods develops complex states of internal stress with
progress of a sintering process. This effect is due partially
to the so-called sintering stress which acts locally at the



Y.-S. Kim et al./Journal of Power Sources 99 (2001) 26-33 29

Surface Fracture
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Fig. 6. Electron micrographs of pure Ni anode: (a) before and (b) after creep test.

Surface
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Fig. 7. Electron micrographs of Ni/7 wt.% Ni;Al anode: (a) before and (b) after creep test.
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Fig. 8. Election micrographs of Ni/5 wt.% Ni3Al/5 wt.% Cr anode: (a) before and (b) after creep test.

joints between individual grains and partially to the external
load [8].

These stresses tend to concentrate in the neck cross-
sections and can be expressed, at a given instant of the
process, by a simplified topological network in which knots
represent the grain centres and each bar is the bond between
a two given grains, as shown in Fig. 9. If the grains are
uniform in size and closely packed, the dominant action is
normal stress, while bending moments are negligible. Such a
situation is typical of high-density porous materials. With
highly porous materials, the network is largely defective and
the effect of bending moments becomes important.

In general, a green sheet for a MCFC is a porous compact
of mechanically interlocked grains where no rearrangement
of the grains is possible under the action of a weak applied
stress. At the sintering temperature, neck formation starts
from the contact regions of the grains and these then grow
into grain boundary interfaces. Therefore, a stress gradient
in the network of highly porous materials will produce a net
diffusional flow of matter in the stressed domain of the joint,
i.e. from more compressive regions towards less compres-
sive regions. Thus, the grains undergo a deformation which
is concentrated in the region of the neck and which, if
allowed by the geometry, will result in a reciprocal tilt or
sliding as determined by the dominant creep mechanism.

If the shape of the grain is at least approximately con-
served, as is the case during the initial stage of sintering,

movement of the grain aggregate can be described simply in
terms of a tilt angle, as shown in Fig. 10 [8].

While creep deformation in the high-density material
proceeds mainly by growth of the necks between grains
and is accelerated by surface diffusion or grain boundary
diffusion under the applied compressive stress, analysis of
the creep behaviour of highly porous material must consider
deformation caused by the bending moment as well as by the
compressive stress. Local movement in the latter material
will give rise to a global rearrangement of the grain network
in which large pores will collapse substantially, to cause
large changes in shape. It is considered, therefore, that the
creep mechanism of porous anodes for MCFCs can be
divided into two stages from the viewpoint of microstruc-
ture. Grain rearrangement corresponds to the first stage, in
which large pores are collapsed by the rearrangement of the
grains to stable sites due to the compressive stress and the
bending moment exerted in the vicinity of the neck; large
pores are virtually destroyed during this stage. In the second
stage, small pores are diminished by the sintering stress due
to mass transport accelerated under the applied stresses.

For the pure Ni anode, most of the large pores are rapidly
collapsed by grain rearrangement during 8 h, and the de-
formation continues during the second stage, as shown in
Fig. 4(a). The porosity is decreased to 45% after 100 h of the
creep test and the pore structure is considerably collapsed.
On the other hand, the creep behaviour of Ni/4—7 wt.%
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Fig. 9. Network representation of neck between grains of (a) closed-packed and (b) highly porous grain aggregates [8].
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Fig. 10. Creep behavior by (a) neck growth due to mass transport and (b)
grain rearrangement (N: compressive stress; M: bending stress) [8].

NisAl and the Ni/5 wt.% NizAl/S wt.% Cr anodes is
restricted to the first stage, and the deformation is mainly
caused by the applied load rather than by sintering shrink-
age. In addition, the pore structures maintain stable open
networks by inhibition of the growth of the nickel grains due
to NizAl inclusion, as shown in Fig. 4(b) and (c).

The tensile strength and the Young’s modulus of the
anodes are presented in Fig. 11 (measured by the universal
test machine (UTM)). The mechanical strength of the Ni/
5 wt.% NizAl/5 wt.% Cr anode is considerably higher than
that of any of the other anodes, and results from a synergistic
effect of dispersion strengthening and solid-solution
strengthening by the NizAl and Cr. Strength tests show that
higher tensile strength of the porous anode results in higher
creep resistance.

Electron micrographs of a fracture in the anodes tested by
the UTM are given in Fig. 12. To maintain the porosity at
62%, sintering of these anodes is controlled within tem-
peratures which range from 600 to 900°C by different mass
transport mechanisms between the nickel grains [2]. The
fracture of the pure Ni anode is relatively smoother than that
of other anodes, and the nickel grains of the fracture surface
of Ni/10 wt.% Cr anode are elongated by solid-solution
strengthening due to Cr addition. On the other hand, the
mechanical strength during tensile stress of the Ni anode
strengthened by NizAl or NizAl and Cr inclusion can be
considerably increased due to strong bonding between small
nickel grains.
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(© (d)

Fig. 12. Electron micrographs of fracture of (a) pure Ni; (b) Ni/7 wt.% NizAl; (c¢) Ni/5 wt.% NizAl/S wt.% Cr and (d) Ni/10 wt.% Cr anodes after tensile
strength test.

4. Conclusions stages. In the first stage, nickel grains rearrange to a stable
site in the porous structure after most of the large pores

Creep behaviour of Ni/(4—7 wt.%) NizAl and Ni/5 wt.% have collapsed under the applied load. In the second stage,
NizAl/5 wt.% Cr anodes for MCFCs is composed of two small pores are shrunk by the sintering process which is
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accelerated under the applied load. It is also found that
the creep resistance of the porous anodes is enhanced
by increasing the sintering resistance through NisAl or
Ni3Al and Cr inclusion. In particular, the creep deforma-
tion of Ni/5 wt.% NizAl/5 wt.% Cr is decreased consider-
ably by a synergistic effect of dispersion strengthening
and solid-solution strengthening by the addition of NizAl
and Cr.
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